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A fixed orthodontic appliance is a set of mechanical 
attachments (brackets) within which a wire functions to 
produce desired tooth movements. Twenty-five years ago 
Andrews set forth the premise of the straight-wire 
appliance (S.W.A.), where the brackets have all the 
necessary angles and dimensions built in (Andrews 1976). 
Theoretically, the S.W.A. was suppose to eliminate all wire 
bending such as horizontal bends for in/out tooth 
positioning, vertical bends for mesiodistal uprighting, and 
torque (longitudinal twists along the arch wire) for 
buccolingual or labiolingual axial uprighting. 
The preadjustments built into the S.W.A. were 
designed to bring the teeth into "ideal" positions when 
unbent wires were fully engaged into the slots. The 
"ideal" positions were determined by studying the "ideal" 
occlusions of 120 people never having undergone orthodontic 
treatment (Andrews 1972). 
Clinically, the S.W.A. does not eliminate wire 
1 
2 
bending for primarily two reasons. 
orthodontic treatment, especially 
First, the success of 
the S.W.A., is largely 
dependent upon the accuracy of placement of the brackets on 
the teeth. In most cases, brackets are placed on the teeth 
on the basis of a naked eye evaluation. Optical illusions 
due to differences in size, convexity, and shapes of the 
individual teeth may cause large variations in bracket 
placement. Rotations, 










degree of discrepancy in bracket placement among 
clinicians indicating that either brackets 
different 
must be 
rebonded, or wire bending is necessary to compensate for 
imprecise positioning. 
Secondly, wire bending was not eliminated because 
patients do not have identical tooth morphology or 
malocclusions (Germane 1989, Taylor 1969, Fredericks 1974). 
Any variation in these two elements from the s.w.A. average 
must be compensated by adjusting the arch wires. 
Wire bending may also be utilized for particular 
types of specialized tooth movement, such as space closure, 
tip back mechanics, intrusion and extrusion, and root 
movement. Unfortunately, bends placed in an arch wire 
introduce undesirable side effects, during treatment, and 
3 
are not always under control of the orthodontist (Burstone 
1988) . 









investigations have been carried out 
distributions produced by an orthodontic 
mathematical formulas and computers 
Fotos 1987, Koenig 1974, Ronay 1989,). 
have been relatively few experimental 
studies that measure the force magnitudes and vectors using 
a three-dimensional model. A three-dimensional model is 
representative of the clinical situation when an arch wire 
is seated in some malaligned brackets arranged in a dental 
arch form. What happens to these force distributions when 
a bend is placed in the arch wire as is frequently required 
in comprehensive orthodontic treatment? 
CHAPTER II 
REVIEW OF LITERATURE 
Most technological innovations do not arise out of 
precise scientific principles but, rather, are the result 
of experience and practical intuition. In orthodontics, 
the development of contemporary fixed appliances has 
occurred precisely in this manner. With few exceptions, 
today's appliances are derived from Edward Angle's designs 
from the early twentieth century. 
In the late 1800's, a typical orthodontic appliance 
depended on some sort of rigid framework to which the teeth 
were tied so they could be expanded to the arch form 
dictated by the appliance. Angle's first appliance, the 
E-arch, was of this type (Fig. 1). Bands were placed only 
on molar teeth and a heavy labial arch wire extended around 
the arch. The end of the wire was threaded and a small nut 
placed on the threaded portion of the arch allowed the 
arch wire to be advanced, 
expansion. Individual 
expansion arch. 
building in a mechanism for arch 
teeth were simply ligated to this 
4 
5 
However, the E-arch was 
teeth to a new position. It 
position any individual tooth 
capable only of tipping 
was not possible to precisely 
and the final result was 
unstable. To overcome these difficulties, Angle in 1912 
began placing bands on other teeth and used a vertical tube 
on each tooth into which a soldered pin from a smaller arch 
wire was placed. With the pin and tube appliance tooth 
movement was accomplished by repositioning the individual 
pins at each appointment. Although this appliance was 
capable of root movement, as opposed to simple tipping, it 
was difficult to use because it required a high degree of 
precision to fabricate the arch wire. In addition, the 
heavy base arch meant that spring qualities were poor and 
many precise adjustments were needed. Despite its 
limitations, the pin and tube appliance showed the way 
towards greater control over tooth movement. 
Angle's next appliance, in 1916, modified the tube on 
each tooth to provide a vertically positioned rectangular 
slot behind the tube. A ribbon arch of .010 x .020 gold 
wire was placed into the slot and held with pins (Fig. 2). 
The ribbon arch was an immediate success, primarily because 
the arch wire, unlike any before it, was small enough to 
have good spring qualities and was very efficient in 
aligning malposed teeth. The primary shortcoming of this 
appliance was that it provided relatively poor control of 
6 
the root position. The resiliency of the ribbon arch wire 
simply did not allow generation of the moments necessary to 
torque roots to a new position. 
The final achievement of Angle (1928), shortly before 
his death, was the edgewise appliance designed to overcome 
the deficiencies of the ribbon arch. The edgewise 
mechanism was a precision appliance consisting of a 
rectangular arch wire ligated into horizontal slots in the 
brackets. The original bracket was designed with a slot of 
.022 inch by .028 inch and the arch wire could be either 
stainless steel or precious alloy with the same dimensions 
as the bracket. The term edgewise referred to the ability 
of the bracket to accept a rectangular cross section with 
its larger dimension horizontal. The basic principle 
involved the formation of an ideal arch wire which conveyed 
the basic shape, size, and form that the teeth would assume 
in their final positions. The teeth were drawn to these 
final positions by means of ligature wires which attached 
the arch wire to the edgewise bracket and controlled the 
amount of force applied to the teeth. For the first time 
this appliance afforded precise control of the teeth in all 
three planes of space with a single arch wire. 
Specifically, it became possible to move the teeth bodily 
in a mesiodistal direction by sliding them along the arch 
wire in order to control tip, torque, and rotation. 
7 
After its introduction in 1928, this appliance became 
the mainstay of fixed appliance therapy, although the 
ribbon arch continued in common use for another decade. 
Stoner (1960) also recognized the need for precise, 
three-dimensional control of forces to accurately position 
the teeth. He noted that effective force control required 
consideration of how forces are transmitted to teeth. 
Stoner referred to the "four D's" of force control: degree, 
distribution, direction and duration. Degree referred to 
the intensity of the force. A force value optimal for one 
type of tooth movement could be ineffective, or traumatic, 
when applied to the same tooth for another type of 
movement. Distribution referred to the manner in which 
force was transmitted to the root or alveolar process. If 
a controlled degree of force was applied so that stress in 
the periodontal tissue was distributed according to the 
type of movement desired then control was gained over the 
distribution of force. The third "D" referred to direction 
to the plane in which the tooth was to move. That is, if 
the desired tooth movement was a tipping action on the 
crown, an additional force would be required to maintain 
the root apex in its original position. Duration , the 
last of the four "D's",was the range of activity of the 
applied force (continuous action vs. intermittent action). 
8 
Mechanics is that part of the science of Physics which 
deals with forces and motions. Since orthodontics is 
dependent upon forces for the movement of crowns and roots, 





Haack (1963) defined some basic physical terms 
in any discussion concerning control of root 
Force is a load applied to an object that will 
move it to a different position in space. It is 
usually measured in units of grams or ounces. 
Center of resistance is a point at which resistance to 
movement can be concentrated for mathematical analysis. 
The center of resistance for a tooth is at the approximate 
midpoint of the embedded portion of the root, i.e., about 
halfway between the root apex and the crest of the alveolar 
bone (Fig. 3). 
A moment is defined as the product of the force times 
the perpendicular distance to the center of resistance and 
is measured in units of gm-mm (Fig. 3). If a force 
applied to the crown of a tooth is not directed opposite 
the center of resistance, a moment is created translating 
the tooth in the direction of the force but also rotating 
it around the center of resistance. 
9 
A couple is a moment that produces pure rotation 
around the center of resistance. It is formed by two forces 
equal in magnitude, opposite in direction and separated by 
a distance. The combination of a force and a couple can 
change the way an object rotates while it is being moved. 
The center of rotation is a point around which 
rotation actually occurs when an object is being moved. If 
a force and a couple are applied to an object, the center 
of rotation can be controlled and made to have any desired 
location. 
The application of a force and a couple to the crown 
of a tooth is the mechanism by which tipping, bodily 
movement, or even greater movement of the root than the 
crown can be produced. Profit (1986) describes various 
tooth movements and methods of applying forces in order to 
achieve them. 
The simplest form of orthodontic movement is tipping. 
Tipping movements are produced when a single force, for 
instance a spring extending from a removeable appliance, is 
applied against the crown causing it to rotate around its 
center of resistance. For example, if a 50 gm force were 
applied at the labial surface of a central incisor 15 mm. 
from the center of resistance, a 750 gm-mm moment would be 
10 
produced (Fig. 4). The result would be retraction of the 
crown, but not the root apex, leading to a change of the 
tooth's inclination. 
Bodily movement, or translation, maintains the 
tooth's original inclination with the root apex and crown 
moving the same amount and direction. Translation may be 
accomplished by applying a force at the tooth's center of 
resistance. Since the application of a force to the center 
of resistance is impractical, one way to produce bodily 
movement is to create a second moment, equal in magnitude 
but opposite in direction, to the first one. This requires 
that a second force be applied to the crown. For example, 
to counteract the 750 gm-mm tipping force in Fig. 4, a 
second force of 37.5 gm is needed to push the incisal edge 
labially at a point 20 mm from the center of resistance. 
This creates a 750 gm-mm moment in the opposite direction 
and a net 12.5 gm lingual force. Therefore, the tooth does 
not tip and remains upright with a net retraction force. 
A removeable appliance, with a pair 





solution is a bracket attached to a tooth and constructed 
so forces are applied at two points. A rectangular arch 
wire fitting into a rectangular bracket slot is most widely 
used because the entire force system is produced with a 
11 
single wire. With this approach, the two points of contact 
are the opposite edges of the rectangular wire where it 
contacts the bracket (Fig. 5). 
Torgue, as used in the orthodontic sense, is 
buccolingual root tipping in which movement of the crown is 
minimized and movement of the root apex is maximized 
(Thurow 1982). It is usually accomplished by twisting 
(placing into torsion) a rectangular wire and engaging it 
in the rectangular slot. This interaction produces a 
moment at the bracket enabling the orthodontist to control 
labial and lingual root position. 
The ratio between the force applied to move a tooth, 
and the counterbalancing moment used to control root 
position, determines the type of tooth movement (Profit 
1986). Bodily movement of a tooth requires a 
moment-to-force ratio of 8:1 to 10:1. Moment-to-force 
ratios smaller than this produce some tipping but less than 
would occur without a countervailing moment. Higher 
moment-to-force ratios (>10) lead to more root movement 
than crown movement, producing lingual root torque. 
Orthodontic arch wires can be thought of as beams. 
Thurow (1982) describes three basic properties of beam 
material that are important in defining their clinical 
12 
usefulness. 
1. Stiffness, or load deflection rate, is the amount 
of force required for unit activation. It 
represents the magnitude of force necessary to 
deform the material a certain distance. Stiffness 
is the inverse property of flexibility. 
2. Strength is the maximum level of force that a 
wire can transfer if it is to be loaded to the 
elastic limit of the material. It provides an 
indication of a material's total capacity for 
applying force. 
3. Range is the maximum amount of elastic activation 
before the onset of permanent deformation, i.e., 
in other words how far the wire will move a tooth 
during one adjustment. 
Kapila (1989) points out that by taking advantage of 
these properties, the orthodontist can design arch wires 
for maximum mechanical efficiency. For example, it is 
desirable to use a wire possessing low stiffness since 
this confers on the tooth a lower, but more constant, 
force over time as the appliance experiences 
deactivation. Low stiffness also means 
in manipulation of the wire and accuracy 
greater ease 
in applying a 
13 
given force. Strength should be maximized so the wire 
can sustain high forces without failing. Range should be 
large so that a wire can be deflected a 
without causing permanent deformation 
elastic limit of the material. 
greater distance 
or exceeding the 
Burstone (1961) states that there are several 
fundamental factors which affect the mechanical properties 
of stiffness, range, and strength. The first factor is the 
composition and structure of the wire alloy reflecting both 
the basic metallurgy and wire manufacturing sequence. The 
second factor is the wire segment geometry, specifically 
the cross-section shape and size. Lastly is the mechanical 
arrangement by which force is applied to teeth including 
bracket width, length of the arch wire span, and loops. 
Since the 1950's, stainless steel has been the wire of 
choice in orthodontics due to its ability to tolerate 
intraoral conditions and good mechanical characteristics. 
The basic quantity that characterizes the wire alloy is 
given by the modulus of elasticity (E). Nikolai (1985) 
defines the modulus of elasticity as the ratio between 
stress and 
particular 
strain during tension or 
material. The modulus 
compression of a 
of elasticity is 
independent of the specimen's cross-section area and 
length. It represents the material's index of stiffness or 
resistance to stretching. A high modulus means more 
14 
force is delivered per mm of activation. Stainless steel 
has a large modulus of elasticity (28-30 million PSI) 
compared to, e.g., aluminum (11 million PSI). Stainless 
steel's associated high stiffness calls for the use of 
smaller wires for straightening moderately or severely 
malpositioned teeth (Nikolai 1985). 
Each of the major elastic properties (stiffness, 
strength, and range) is substantially affected by a change 
in the geometry of the wire. Nikolai (1985) also notes the 
relationship between a wire's stiffness and cross-section 
size and shape. The resistance of a cross-sectional shape 
to elastic bending (original form is recovered upon removal 
of the deforming force) is given by the moment of inertia 
(I). For a round wire of diameter (d) and a rectangular 
wire of width (w) and thickness (t), the moment of inertia 
in the plane of bending is equal to: 
I= TT d 4 
64 
and I= wt3 , respectively. 
12 
The axial stiffness of an arch wire is also inversely 
proportional to the segment length (L), so if the length is 
doubled the wire's flexibility will be doubled for the same 
applied force. 
Summarizing the contributions noted above, the elastic 
stiffness or force delivery characteristics for an arch 
15 
wire depends on the following: 
Round wire: Ed 4 
L 
Rectangular wire: Et 3 
L 
Strength is proportional to the cube of the diameter 
in round wire and as the width times the second power of 
thickness in rectangular wire (Thurow 1982). This means 
that a round wire with twice the diameter of another wire 
can support eight times the load. Range is inversely 
proportional to diameter and thickness. Therefore, a 
wire half the diameter of a second wire has twice the 
flexibility and can be bent further before permanent set 
(Thurow 1982). 
The formulas above point out that small changes in the 
modulus of elasticity, that are found within orthodontic 
stainless steel wires, have far less of an effect on wire 
rigidity and delivery of force than small changes in 
diameter. Therefore, one way of controlling the load 
deflection characteristics of an appliance is by altering 
the wire gauge. An .020 inch wire will exert 16 times as 
much force as an .010 inch wire although the .020 wire is 
only twice as great in diameter. One might simply conclude 
that the ideal wire for delivering an optimal constant 
force could be achieved by reducing the dimensions of the 
16 
wire cross-section. Unfortunately, as diameter decreases 
strength is also reduced by the third power of the diameter 
in round wire and the second power of the thickness in 
rectangular wire. Therefore, a radical reduction in 
cross-section may result in permanent deformation of the 
wire during mastication. The smaller diameters are used 
when maximum flexibility is required because these wires 
can be deformed elastically, over relatively large 
distances, without applying excessive forces or becoming 
permanently deformed. The large diameter wires are used 
when rigidity is desired. 
Creekmore (1976) emphasizes length of span as a 
better way to reduce stiffness rather than reducing the 
cross-section. During bending, a change in length of the 
wire between its supports produces a dramatic effect on 
stiffness without radically altering strength. 
Specifically, stiffness varies inversely as the cube of 
the length, but strength varies inversely only as the 
first power of the length. So if the distance of the wire 
is doubled, then the deflection required to produce a 
given force is increased by a factor of eight yet the 
maximum load capacity is only reduced by one half. A 
further advantage of increased length is that working 
range also increases since it is proportional to the 
square of the length. 
17 
During torsion (the actual twisting of the wire as a 
result of torque) there are no exponential effects of 
length. Stiffness is inversely proportional to length 
while range is directly proportional to length. Strength 
remains unaffected by an increase in length. Therefore, 
doubling the length of a wire in torsion will cause the 
ends to twist twice as far with the same force. 
Burstone (1961), Creekmore (1976), and Schudy and 
Schudy (1989) explain that the flexibility of an arch wire 
span between neighboring brackets is determined by the type 
of bracket used, design of the span, composition of the 
wire, and wire cross-section. 
Creekmore (1976) reemphasized the value of 
interbracket distance and its marked effect on a wire's 
flexibility. He defined interbracket width as the distance 
between brackets and noted that the width of the brackets 
had a profound effect on the length of wire in the span and 
consequently on wire flexibility. The longer the span of 
active wire between adjacent brackets, the more flexible 
the wire, and the smaller the force per mm of activation. 
Creekmore found that using single brackets (50 mils 
wide) instead of twins (135 mils wide) meant an increase in 
interbracket width of 1.5 times and a decrease in wire 
18 
stiffness of 3.37 times for bending and 1.5 times for 
torsion. Clinically, this means that the single brackets 
will achieve a leveling capacity of 1.7 mm and 7.5 degrees 
torque while the twin brackets will level only 0.5 mm and 
achieve 5 degrees torque without exceeding the wire's 
elastic limits. Creekmore contends that, "light forces and 
amounts of tooth movements per adjustment depend more on 
interbracket width than arch wire size". 
Although this conclusion appears to be a significant 
overstatement, since Creekmore's calculations involved only 
the wire spanning two teeth instead of the usual three 
teeth, it does point out the importance of increased 
interbracket distance and wire flexibility. However, the 
wider the bracket, the easier it is to generate moments 
necessary to control mesiodistal position of roots, 
torquing movements, and rotations (Profit 1986). 
When wide brackets are used interbracket arch wire 
flexibility must be obtained by reducing arch wire 
diameter, or by lengthening the wire span, if full bracket 
engagement is to be achieved without permanent deformation. 
The interbracket span can be lengthened by the 
incorporation of loops. The advantage of using loops means 
that an arch wire of sufficient diameter may be utilized to 
resist unwanted tooth movement in one area yet flexible 
19 
enough to produce tooth movement in another. 
Studies published by Stoner ( 1960) , Vanderby 
(1977),and waters (1976) explored the mechanical behavior 
of vertically activated loops (Fig. A). Major changes in 
stiffness were produced by varying the length of the loop 
(h1 ) and the width of the base of the loop (h2 ). Vertical 
displacements (extrusion and intrusion) were more sensitive 
to changes in both the width of the base of the loop and 
bracket width. Horizontal displacements (buccolingual) 
were more sensitive to changes in the height of the loop. 
Fig. A 
Waters (1976) found that during horizontal 
displacements a 30% reduction in stiffness was achieved 
when the length of the loop was increased from 6mm to 7mm. 
When the width of the base of the loops was increased from 
2 mm to 3 mm stiffness decreased by 20%. He also noted 
that a span with loop lengths of 7 mm and loop bases of 3 
mm was 13 times as flexible as a plain span of the same 
20 
wire with no loops. 
The looped arch was found to be 7-10 times stiffer in 
the vertical plane than in the horizontal plane. Waters 
felt that loops designed for vertical movements should 
have a wide loop base (h2), at least 3 mm, and as much 
interbracket length as possible to maximize flexibility. 
Bracket width had considerable effect on the flexibility of 
looped arches in the vertical plane but less of an effect 
in the horizontal plane where loop dimensions were more 
critical. 
stoner (1960) stated that the major attribute of loop 
design included increasing the length of the wire between 
the brackets which meant increasing the range of activity 
and reducing force. Force might further be reduced by 
coiling the wire (helices). Burstone (1961) pointed out 
that the addition of coils provided a method of reducing 
forces without decreasing strength. The load deflection 
rate of a cantilever, modified with a helix, was determined 
by the diameter of the helix, number of turns in the helix, 
and the length of the cantilever. For instance, a 10 mm 
plain cantilever was 46% stiffer than a cantilever with one 
turn in a 3 mm helix. Two turns in an identical spring 
results in a 58% reduction in spring rate. 
Andrews (1972) 
21 
remarked that orthodontists, 
unfortunately, "tend to look at teeth collectively rather 
than individually". Roth (1981) agreed saying "we must 
know exactly where we would like each tooth on each 
individual case and why, if we are to be able to 
consistently place the teeth into their best fit both 
anatomically and functionally." 
Criteria for ideal tooth positioning was discussed by 
Andrews (1972) and Roth (1981). In 1972, Andrews defined 
the "Six Keys of Occlusion" which were compatible with 
normal occlusion in 120 nonorthodontic cases. 
These six characteristics defined a normal molar 
relationship, normal crown angulation or mesiodistal tip, 
normal crown inclination (labiolingual or buccolingual), 
the lack of spaces or rotations, and an occlusal plane 
ranging from flat to slightly curved. All six 
characteristics were present in each of the examined casts. 
Roth cites several basic tenents of gnathological 
objectives. Primarily, the teeth are set up so they do not 
interfere with the envelope of mandibular movement. The 
first objective of a gnathological occlusion is to obtain a 
stable centric relation of the mandible and have the teeth 
intercusp maximally at this mandibular position. Centric 
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relation has been defined as "the most retruded position of 
the mandible from which opening and lateral movements can 
be performed comfortably" (Ramfjord/Ash 1983). 
The second objective is to have the anterior teeth 
separate, or disclude, the posterior teeth immediately as 
soon as the mandible moves out of centric closure. In 
turn, the posterior teeth protect the anterior teeth from 
lateral stress during closure into centric relation 
occlusion. 
Fig. 6 illustrates the fit of the teeth during closure 
showing some of the specific contacts that gnathologists 
try to achieve. Such relationships are usually considered 
as pertaining to a "normal" occlusion. However, occlusal 
stability is of greater importance than rigidly set 
relationships for normal occlusion (Ramfjord/Ash 1983). 
In the natural dentition, Roth (1981) says that 
excellent anterior guidance can be achieved by placing the 
posterior teeth in a solid Class I relationship of the 
buccal segments. Fig. 7 pictures a finely detailed 
orthodontic case showing a centrically related Class I 
occlusion from the buccal and the cusp-fossa relationships 
that exist in the lingual. Roth goes on to define 
tooth-by-tooth requirements of a stable ideal occlusion. 
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Precise positioning of the teeth in all three 
dimensions is a critical element in orthodontics to promote 
long-term stability. The position of each tooth affects 
the positions of all the other teeth. Inadequate torque of 
the maxillary incisors can lead to end-on posterior 
occlusion or spacing in the upper arch. Improper 
mesiodistal tip of the upper incisors may cause them to 
occupy less space than desired. Cuspids with contacts 
gingival to the adjacent contacts of the bicuspids and 
laterals may occupy less space in the arch than they 
should. Improper contacts may allow the lower laterals to 
slip resulting in crowding of the lower incisors. 
Insufficient buccal root torque of the upper molars makes 
for balancing and centric interferences. 
In 1970, Andrews introduced a modified edgewise 
technique called the straight wire appliance (S.W.A.). The 
S.W.A.'s aim was to simplify arch wire construction and to 
utilize brackets whose design reduced the amount of arch 
wire bending necessary to achieve the final tooth positions 
in three planes. 
The Andrews technique is designed to efficiently reach 
the Six Keys of Occlusion as an end result. Among S.W.A. 
innovations were torque built into the bases of all 
brackets, a base contoured vertically and horizontally, 
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tip, and in/out (molar) offset bends built into the 
appliance (Andrews 1979). 
1. Making the torque, or buccolingual inclination, a 
product of base design allows all bracket slots at 
the end of treatment to be aligned with each other 
and thus receptive to a flat, unbent rectangular 
arch wire. Therefore, the need to twist the arch 
wire (third order bend), to account for variations 
from true vertical on the facial surf aces of the 
teeth, was greatly reduced. 
2. Compound contour bases on the S.W.A. allows for a 
firm unchanging fit during bracket placement. 
Bracket bases that are not curved vertically have 
the potential to roll when placed against a curved 
tooth tending to alter torque values. 
3. Angulation of the bracket slots automatically 
introduces the correct apical mesiodistal position 
of the roots. This reduces the need for second 
order (vertical) bends. 
4. Variation in bracket base thickness accounts for 
the various labial surface contours of different 
types of teeth. This eliminates in/out (first 
order) and molar offset bends. 
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The preprogrammed S.W.A. requires precise positioning 
and orientation of the brackets on each individual tooth. 
Mistakes in placing preadjusted brackets on the teeth 
affect the amount of tip, torque, and in/out adjustments 
produced by the brackets. The bracketing technique 
(Andrews 1979) is a matter of placing the vertical 
tie-wings parallel to the long axis of the clinical crown. 
Then the bracket is moved up or down until the points at 
the center of the bracket and at the center of the slot are 
at the same height as the middle of the clinical crown (LA 
point) (Fig. 8) . 
Correct superior-inferior location of the bracket on 
the crown becomes an important consideration in the control 
of torque. Since the labial surface is usually curved and 
not flat, misplacing the bracket by mm's occlusogingivally 
will result in a range of torque being applied to the 
tooth. Bjorndal (1974) pointed out that the length of 
maxillary central incisor crowns may vary by 3.4 mm. 
Germane (1989) reported that vertical placement errors of 
as little as 1 mm can produce a variation in torque values 
of up to 10 degrees. His study indicated that the greatest 
buccal curvature was found on the mandibular second 
premolar yielding a 25.8 degree change in curvature. 
Therefore, if the placement of a bracket on a lower second 
premolar was varied from 3mm to 4mm to 5mm to 6mm from 
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the cusp tip, the introduced torque would be 17.5 degrees, 
10.6 degrees, 1.3 degrees and -8.3 degrees, respectively. 
Positive values represent lingual root torque. 
Germane (1989) quantified the variability found in 
facial surface inclination, at specific heights on the same 
teeth. The smallest variability, represented as standard 
deviations, was ± 2.6 degrees on the mandibular central 
incisor 3 mm from the incisal edge. Therefore, in the best 
case scenario, 68% of the patients would have a range of 
5.2 degrees of torque. At two standard deviations, 
encompassing 95% of the people, the range of variation 
would be 10.4 degrees. Consequently, variable amounts of 
torque may be delivered by preadjusted brackets due to 
normal variable facial surface inclinations. 
It becomes apparent that small errors in bracket 
placement by the clinician may lead to large errors in 
torque. Germane (1989) concluded that Andrew's hypothesis, 
which stated that clinicians might place brackets within ± 
2 degrees of error with respect to torque, was unfounded. 
Comprehensive orthodontic treatment requires the placement 
of bends in the arch wire in order to achieve optimal crown 
and root orientation. The S.W.A. does not eliminate the 
need for wire bending because tooth morphology and 
malocclusion vary from individual to individual. These 
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differences from the S.W.A. norm must be compensated by 
correctly adjusting the arch wires. 
Burstone and Koenig (1988) examined mathematically, in 
two dimensions, how to bend a wire to produce the desired 





effects. This contrasted with the approach 
the teeth to align themselves, on a 
allowing the wire to do the clinician's 
Step bends centrally placed between two brackets 
yielded equal and opposite vertical forces along with 
couples of equal magnitude and in the same direction. As 
the step bend was moved mesiodistally there was no change 
in magnitude of force or moment. Increased interbracket 
distance, however, led to an increase in the moment to 
force ratio that acted on each tooth. For example, if the 
interbracket distance was doubled from 7mm to 14mm there 
would be a decrease in vertical force from 343 grams to 43 
grams. The moment to force ratio however, went from 3.5 
(1210g/mm /343g) up to 7 (301g/mm /43g). 
Renay (1989) analyzed the forces developed by a V-bend 
and found four different force systems were generated on 
the two teeth which depended on the interbracket position 
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of the bend (Fig. 9). When the V-bend was precisely 
centered between the two brackets two equal, but opposite, 
moments with no vertical force was produced. If the V-bend 
was positioned one third the distance from one bracket, the 
moment on the distant bracket was reduced to zero and only 
an intrusive force existed. If the V-bend was placed too 
far distal (less than 1/3 the distance to the bracket), two 
moments in the same direction but different magnitudes are 
produced along with increased vertical forces. Thus the 
tooth would tip distally. 
These two studies point out the obvious difficulty in 
predicting clinical results when bends are placed in the 
arch wire. Depending on where the bends are placed, one 
may get a variety of results. Indiscriminate wire bending 
could even give a reverse force system from what was 
originally desired. 
It is the clinical experience of every orthodontist 
that brackets are routinely placed with some inaccuracy. 
Because of this inaccuracy, brackets must either be 
repositioned or bends utililized to bring the tooth into 
position. Each method has possible disadvantages. Bends 
may be unpredictable and lead to undesirable side 
effects when the orthodontist attempts to "read" the 
relationship of the wire to the bracket. On the other hand, 
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repositioning the bracket and 
align all the teeth may 
orientation of the teeth. 
deliver specific moments 
using a straight wire to 
not give a good final overall 
It may not be possible to 
and forces to each tooth. 
Repositioning is also a time consuming operation. 
Two-dimensional models do not appear adequate to 
explain the problems seen clinically during tooth movement. 
Orthodontics involves positioning and controlling the teeth 
in three dimensions. Furthermore, the arch wire is a 
curved structure not a straight simple beam, and therefore 
its interaction with the teeth should be understood in 
three dimensions. Mathematical models that analyze arch 
wire bends in three dimensions are usually complicated and 
sometimes not very meaningful. 
The aim of this research is to set up a three-
dimensional experimental model that mimics what is done in 
a clinical situation. Force vectors, in two directions, of 
straight and vertical bend round wires will be measured and 
compared using a clinical set-up. 
Fig. 1 
Edward Angle's E-arch 
(Profit 1986) 
X = Center of Resistc1nce 












~Center of Rotation 
Couple Couple + Net Force 
Fig. 3 Fig. 4 
(Profit 1986) (Profit 1986) 
Fig. 5 
Rectangular arch wire in a rectangular 
slot generating the moment necessary to 
control root position (Profit 1986) 
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Fig. 7 
Finished orthodontic case showing a centrically 
related Class I occlusion from the buccal (above) 
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Four different force systems developed in 
relationship to the interbracket positioning 




MATERIALS AND METHODS 
This research studied and 
bend 
compared the forces of 
straight and vertical arch wires utilizing a 
three-dimensional experimental model. 
The test apparatus was designed out of aluminum and 
fabricated to replicate the upper dental arch. It was 
machined to accept preformed stainless 
with a Bonwil-Hawley arch form. 
experimental error that would have been 
hand bending the arch wires. 
steel arch wires 
This eliminated 
associated with 
Upper brackets were arranged in positions to 
simulate the teeth in a maxillary dental arch. Each 
bracket was placed in the mesiodistal center of a "tooth". 
The mesiodistal tooth sizes were obtained from 
Black's text on dental anatomy. Initially, the 
brackets were attached with an epoxy cement (Permabond) 
after roughening the aluminum arch with sandpaper and 
cleaning it with 
when minimal 
alcohol. However, the brackets 





for mechanical retention were placed in the horseshoe, with 
an inverted cone bur, and the brackets were attached with 
Phase II bonding material from Reliance.* The brackets 
were placed so the slots were level with one another. 
The preadjusted Speed appliance (Oree**), in an .018 
inch edgewise slot with a modified Roth prescription (A 
Co.)*** was tested. The buccal tubes on the molars had no 
torque, angulation, or outset. The Speed appliance was 
chosen because of its self-ligating feature employing a 
stainless steel spring clip to secure the arch wire in the 
bracket slot. Conventional means of securing the arch wire 
could have introduced variable forces if they weren't tied 
identically each time. 
The replicated dental arch was constructed so that one 
tooth, representing the upper left second bicuspid, was 
moveable. This adjustable "tooth" which could be moved 
up or down, in given increments, allowed for precise 
*Reliance Orthodontic Products,PO Box 678 Itasca,IL 60143 
** Oree Corporation P.O. Box 4765 San Clemente, CA 92672 
*** A Company 11436 Sorrento Valley San Diego, CA 92124 
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bracket positioning and was the subject of the present 
study. Attached to the adjustable "tooth" were two load 
cells, oriented in vertical and buccolingual directions 
which measured forces. Initially, three load cells were 
oriented in three planes of space. However, when a force 
was applied cross talk among the three load cells 
interfered with the vertical and buccolingual measurements. 
Therefore, the important dimensions (vertical and 
buccolingual) were kept and the mesiodistal load cell was 
not included in this study. 





which can be adjusted, in height, by means of two 
The "tooth" proved to be stable vertically but due 
weight of the load cell assembly, it exhibited a 
amount of buccolingual movement that remained 
constant for all the trials. 
Fig. 11 shows the basic experimental apparatus 
consisting of the upper brackets attached to the replicated 
dental arch, two load cells mounted to the adjustable 
"tooth", and two signal amplifiers. 
The Sensotec* Model GM amplifier 





Sensotec Model 31 load cells were rated for a maximum load 
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of 11,325 grams (25 lbs.). The load cells were extremely 
sensitive to force changes applied to the load cell arm. 
Initial calibration of the load cells was done by the 
manufacturer, Sensotec Inc.* Calibration was done 
a range of 0-11,325 grams and + .2% sensitivity. 
cell discrimination was 1 gram. 
within 
Load 
Calibration for the vertical measurement was done by 
hanging known weights on the tooth, for instance lkg, and 
then reading lkg off the amplifier connected to the 
vertical load cell. Then the apparatus was flipped on it's 
side, a lkg weight was set on the tooth, and the 
buccolingual direction was calibrated by adjusting the 
amplifier connected to the buccolingual load cell to read 
lkg. 
The force readings, measured in grams, were also 
adjusted for direction. Positive force values indicated a 
downward and inward force on the adjustable tooth. 
Negative values resulted from an upward and outward 
direction of force. 
* Sensotec, Inc. 1200 Chesapeake Ave., Columbus, OH 43212 
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Three sizes of wire were selected to compare the 
forces between a straight wire and a vertical bend wire. 
Frequently, brackets have been placed with some degree of 
error which necessitates repositioning them or making bends 
(primarily vertical) in the arch wire. Preformed 
Bonwil-Hawley .014 inch, .016 inch, and .018 inch stainless 
steel Gold Tone arches, donated by American Orthodontics*, 
were tested. These wire dimensions are often used during 
treatment to level and align the teeth to their proper 
positions. 
inch. 
All wire sizes are given in thousandths of an 
Table A shows the 12 vertical bend wire combinations 
that were measured (60 wires). A wire template was used to 
mark where the vertical step should be located. Then each 
vertical bend wire was machined, to standardize the heights 
of the bends, to give consistent and reliable results (Fig. 
12 and 13). All vertical bends are measured in 
millimeters. Table B displays the 12 combinations of 
straight wires at different bracket heights that were also 
measured (60 wires). 
*American Orthodontics 1714 Cambridge Ave., Sheboygan, 
Wisconsin 53081 - Cat. No. 853-314, 853-316, 853-318 
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The first set of data measured were the forces exerted 
by the vertical bend wires with the bracket heights at the 
same level. Prior to seating the test wire in the 
brackets, the GM amplifiers were zeroed. The vertical bend 
wire was placed in the brackets, with the bend centered at 
the test bracket, and the midlines of the wire and dental 
arch coinciding. The wire was engaged at each bracket by 
activating the spring clip to self-ligate the wire in 
place. The bracket with the load cells attached to it was 
activated last. Force readings, in grams, were immediately 
and simultaneously read off the GM amplifiers in vertical 
and buccolingual directions. This was done five times for 
each of the wire combinations found in Table A. A new wire 
was tested each time. In all, this procedure was followed 
for a total of 60 different wires. The GM amplifiers were 
balanced to zero between each wire to assure accuracy of 
the readings. 
Next, the data for the straight wire arches was 
measured. The GM amplifiers were zeroed and the straight 
wire was inserted with the bracket heights at the same 
level to get a baseline reading of the forces exerted by 
the bracket's self-ligation mechanism. The arch wire was 
removed and the amplifiers were zeroed. The height of the 
adjustable bracket, at the upper left second bicuspid,was 
moved gingivally 0.5 mm and a new straight wire was 
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inserted and engaged with the self-ligating clip. Force 
readings, in grams, were immediately recorded in the 
vertical and buccolingual directions. This wire was 
removed, the bracket height was changed to 1 mm, and a new 
straight wire was inserted. Five arch wires were tested 
for each size wire ( .014 inch, .016 inch, and .018 inch) 
and each bracket height discrepancy (0.5 mm, 1.0 mm, 1.5 
mm, and 2.0 mm). The GM amplifiers were balanced to zero 
between each wire to assure accuracy. In all, fifteen 
readings (five trials for each size wire) were taken to 
establish baseline values and 60 straight wires were tested 
using the above procedure (Table B). 
Forces were recorded (in grams) in the vertical and 
buccolingual planes for 60 straight wires and 60 vertical 
bend wires. Mean and standard deviation values were 
calculated for each group (Tables I, II, and III). 
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Fig. 10 
Load cells and adjustable tooth 
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Fig. 11 
Basic Experimental apparatus showing brackets 
attached to a replicated dental arch, two load 
cells, and two signal amplifiers 
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.014 inch vertical bend wires 
.016 inch vertical bend wires 
Fig. 12 
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.018 inch vertical bend wires 
Wire press 
Fi g. 13 
TABLE A - VERTICAL BEND WIRES 
.014 with 0.5 mm bend .016 with 0.5 mm bend .018 with 0.5 mm bend 
.014 with 1.0 mm bend .016 with 1.0 mm bend .018 with 1.0 mm bend 
.014 with 1.5 mm bend .016 with 1.5 mm bend .018 with 1.5 mm bend 
.014 with 2.0 mm bend .016 with 2.0 mm bend .018 with 2.0 mm bend 
~ 
~ 
TABLE B - STRAIGHT WIRES 
.014 with 0.5 mm brkt ht. .016 with 0.5 mm brkt ht. .018 with 0.5 mm brkt ht . 
. 014 with 1.0 mm brkt ht. .016 with 1.0 mm brkt ht. .018 with 1.0 mm brkt ht . 
. 014 with 1.5 mm brkt ht. .016 with 1.5 mm brkt ht. .018 with 1.5 mm brkt ht • 
. 014 with 2.0 mm brkt ht. .016 with 2.0 mm brkt ht. .018 with 2.0 mm brkt ht. 
CHAPTER IV 
RESULTS 
Tables I, II, and III display the mean and standard 
deviation values for the vertical and buccolingual forces. 
Vertical refers to a direction parallel to the long axis of 
the tooth while buccolingual refers to a direction in the 
mediolateral plane of space. Forces in both directions 
were recorded using the apparatus in Chapter III. Table I 
compares .014 straight wire force values with .014 
vertical bend wire values. Tables II and III refer to 
force comparison values for .016 
respectively. 
and .018 wires, 
As expected, when the adjustable bracket was raised 
from 0.5 thru 2.0mm, the vertical and buccolingual forces 
steadily increased with .014, .016, and .018 straight 
wires. This produced a predominately downward (extruding) 
but slight medial (lingual) force on the tooth. In 
contrast, when vertical bends 
and .018 wires, smaller 
were placed in .014, 
vertical and 






the corresponding straight wires at 1.0, 1.5, and 2.0mm. 
Consequently, these vertical bend wires impart a greater 
residual (buccolingual) tipping force on the tooth than 
does a straight wire. At 0.5 mm, the vertical bend and 
straight wires produced similar force values for all three 
wire sizes. 
Table IV lists the tangent values and tangent theta 
angles for both .014 straight wire and .014 vertical 
bend wire. The tangent values express the ratio of 
buccolingual force to vertical force acting at the bracket. 
Therefore, as the buccolingual force grows proportionally 
larger than the vertical force, the tangent values increase 
resulting in a greater tendency for the tooth to tip. 
Conversely, a smaller tangent value implies less 
buccolingual residual force allowing the tooth to be 
directed in a more vertical orientation. 
larger tangent values for .014 vertical bend 
.014 straight wires at all four heights. 
Table V shows 
wires than 
Tangent theta angles indicate how many degrees off the 
vertical a line of force will pass. A smaller tangent 
theta angle indicates a force oriented more vertically with 
less buccolingual effects. A larger tangent theta angle 
implies more buccolingual force acting on the tooth. 
Table IV reveals larger tangent theta angles for .014 
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vertical bend wires than .014 straight wires at all 
heights. Computation of the tangent values and tangent 
theta angles were done by the formulas below (Fig. A): 
Tan = FBL 
FV 
Tangent theta angle = tan -le:~ 
= buccolingual force 













\ _____ 4:1 FR 
Fig. A 
Tables V and VI are similar to Table IV but show the 
results for .016 straight wire vs .. 016 vertical bend wire, 
and .018 straight wire vs. an .018 vertical bend wire, 
respectively. Again, .016 and .018 straight wires exhibit 
smaller tangent theta angles than the corresponding 
vertical bend wires. The only exception being similar 
tangent theta angles found with .016 wires at 0.5mm. 
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Table VII shows mean and standard deviation values of 
resultant forces for each size straight wire at various 
bracket heights and each size vertical bend wire at various 
wire bend heights. Resultant forces were calculated in the 
following manner {See Fig. A): 
F = {F 2 + F 2 ) ~ 
R V BL 
Where F = resultant force 
R 
F = vertical force v 
F = buccolingual force BL 
The resultant force values indicate the total force acting 
at the bracket on the adjustable "tooth". Table VIII shows 
significantly higher resultant forces for the straight 
wires than the vertical bend wires at all heights and all 
wire sizes. 
Table VIII lists means and standard deviations of 
calculated moments for each size of straight wire and 
vertical bend wire. The moments were obtained by the 
following formula {See Fig A): 
Where M = moment 
FBL = buccolingual force 
Fv = vertical force 
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Lc = distance from center of bracket to 
center of rotation of tooth 
b = distance from center of bracket to 
center of crown of tooth 
LC for a single-rooted maxillary second bicuspid was 
estimated at 10 mm (Burstone 1980) and b was calculated at 
6 mm (Ramjford 1983). 
The moments are significantly higher in the straight 
wires compared to the vertical bend wires at all heights 
and all wire sizes. 
Tables IX through XI show an independent analysis of 
variance comparing the significance of the mean value of 
vertical force between comparable straight and vertical 
bend wires in .014, .016, and .018 wires. These tables 
also examine the significance of appropriate buccolingual 
force means with one another using an independent analysis 
of variance. 
The vertical forces were significantly higher in all 
three sizes of straight wire when compared to the vertical 
bend wires. The only vertical force comparisons judged to 
have no significant difference are .016 and .018 wires at 
0.5mm. Vertical bend wires had significantly greater 
buccolingual forces for all wire sizes at 1.0, 1.5, and 
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2.0mm. At 0.5mm, the buccolingual forces were similar for 
all three wire sizes. 
Table XII contrasts the theoretical vertical force 
values with the experimental values. The theoretical 
model of the arch wire was a beam loaded in the middle (at 
the adjustable "tooth") and simply supported at both ends 
(two brackets). Under these conditions, the theoretical 
force at the adjustable bracket could be calculated if 
certain variables were known such as the moment of inertia, 
modulus of elasticity, length of wire between the brackets, 
and wire deflection. We wanted to observe how the 
experimental values (F exp) compared to calculations based 
on a simply supported beam model (F theo). 





F = theoretical force 
theo 
~ = deflection of the wire 
E = modulus of elasticity 
I = moment of inertia of the wire 
cross-section 
L = length between the brackets 
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Calculations were based on an interbracket length of 
13 mm, a wire deflection of 1.5mm, a modulus of 
6 elasticity of 28·10 PSI (Thurow 1982), and a moment of 
inertia given byITD4/64 (Thurow 1982). 
The experimental force values were slightly higher 
than theoretical values with .014 and .016 wires. This 
indicated that the beam model was somewhat more flexible 
than the experimental apparatus. The experimental value 





MEANS AND STANDARD DEVIATIONS OF VERTICAL AND BUCCOLINGUAL 
FORCE MEASUREMENTS WITH .014 INCH WIRE 
.014 Inch straight Wire 
Bracket Height FV ± S.D. FBL 
Discrepancy 
0 4 + 1 7 
0.5 148 ± 9 17 
1. 0 327 + 7 31 
1. 5 525 ± 9 53 
2.0 581 + 13 83 
.014 Inch Vertical Bend Wire 
Vertical Bend FV ± S.D. FBL 
Height 
0.5 137 + 5 19 
1. 0 304 ± 11 34 
1.5 475 + 8 72 
2.0 430 + 7 126 
Mean ± 1 standard Deviation measured in grams 
Fv - Vertical Force (Extrusive Direction) 
















MEANS AND STANDARD DEVIATIONS OF VERTICAL AND BUCCOLINGUAL 
FORCE MEASUREMENTS WITH .016 INCH WIRE 
.016 Inch Straight Wire 
Bracket Height FV ± S.D. FBL 
Discrepancy 
0 20 + 4 8 
0.5 309 + 14 27 
1.0 646 ± 6 61 
1.5 857 + 21 85 
2.0 994 ± 11 105 






















Mean ± 1 Standard Deviation measured in grams 












FBL -Buccolingual Force (Lingual Direction) 




MEANS AND STANDARD DEVIATIONS OF VERTICAL AND BUCCOLINGUAL 
FORCE MEASUREMENTS WITH .018 INCH WIRE 
.018 Inch Straight Wire 
Bracket Height Fv + S.D. FBL ± 
Discrepancy 
0 49 + 4 11 + 2 
0.5 664 ± 16 64 ± 3 
1. 0 960 ± 18 106 + 5 
1.5 1207 + 27 142 + 6 
2.0 1529 ± 21 179 ± .1 
.018 Inch Vertical Bend Wire 
Vertical Bend FV ± S.D. FBL + 
Height 
0.5 648 + 16 68 
1.0 889 + 9 120 
1. 5 928 ± 12 179 
2.0 746 + 12 359 
Mean ± 1 Standard Deviation measured in grams 







FBL -Buccolingual Force (Lingual Direction) 




MEANS AND STANDARD DEVIATIONS OF TANGENT VALUES 
AND THETA DISPLACEMENT ANGLES 
.014 Inch Straight Wire 
Bracket Height Tan ± S.D. Theta Angle ± S.D. 
Discrepancy 
0.5 .118 + .011 6.74 + .603 
1. 0 .094 + .005 5.38 + .263 
1.5 .101 ± .007 5.76 ± .389 
2.0 .142 ± .009 8.10 + .528 
.014 Inch Vertical Bend Wire 
Vertical Bend 
Height 













8.09 + 1. 08 
6.42 + .346 
8.56 + .189 
16.30 ± .873 
ratio FBL Tan Means ± 1 standard Deviation expressed as a 
Theta Angle ± 1 standard Deviation in degrees 





MEANS AND STANDARD DEVIATIONS OF TANGENT VALUES 
AND THETA DISPLACEMENT ANGLES 
.016 Inch Straight Wire 
Bracket Height Tan + S.D. Theta Angle ± S.D. 
Discrepancy 
0.5 .089 ± .008 5.06 + .469 
1. 0 .094 + .005 5.35 + .298 
1. 5 .100 ± .005 5.69 + .282 
2.0 .105 + .005 6.01 ± .272 
.016 Inch Vertical Bend Wire 
Vertical Bend Tan + S.D. Theta Angle ± S.D. 
Height 
0.5 .087 ± .008 4.97 ± .486 
1. 0 .130 + .005 7.40 + .266 
1.5 .194 ± .006 10.99 ± .338 
2.0 .290 + .026 16.17 + 1. 37 
Tan Means ± 1 Standard Deviation expressed as a ratio FBL 
Theta Angle ± 1 Standard Deviation in degrees ~ 




MEANS AND STANDARD DEVIATIONS OF TANGENT 
VALUES AND THETA DISPLACEMENT ANGLES 
.018 Inch straight Wire 
Bracket Height Tan ± S.D. Theta Angle ± S.D. 
Discrepancy 
0.5 .097 + .006 5.53 ± .354 
1. 0 .110 ± .006 6.29 ± .343 
1. 5 .118 ± .003 6.73 + .192 
2.0 .117 + .001 6.69 + .035 
.018 Inch Vertical Bend Wire 
Vertical Bend Tan + S.D. Theta Angle ± S.D. 
Height 
0.5 .105 ± .005 5.99 + .301 
1. 0 .135 + .006 7.68 + .363 
1.5 .193 ± .006 10.92 + .305 
2.0 .482 ± .025 25.72 ± 1.13 
Tan Means ± 1 Standard Deviation expressed as a ratio FBL 
Theta Angle ± 1 Standard Deviation in degrees ~ 




MEANS AND STANDARD DEVIATIONS OF RESULTANT FORCES 
.014 Inch Straight Wire .014 Inch Vertical Bend Wire 
Bracket Ht F + s.o. Vertical Bend FR ± S.D. R - Height 
0.5 149 ± 9 0.5 138 + 5 
1. 0 326 + 5 1. 0 306 ± 11 
1. 5 528 + 9 1.5 481 + 8 
2.0 587 + 12 2.0 448 ± 6 
.016 Inch Straight Wire .016 Inch Vertical Bend Wire 
Bracket Ht FR + S.D. Vertical Bend FR± S.D. 
Height 
0.5 310 + 14 0.5 300 + 7 
1.0 649 ± 6 1.0 576 + 17 
1.5 861 + 21 1.5 641 + 12 
2.0 999 + 10 2.0 579 ± 12 
.018 Inch Straight Wire .018 Inch Vertical Bend Wire 
Bracket Ht FR ± S.D. Vertical Bend FR + S.D. 
Height 
0.5 667 + 15 0.5 651 + 16 
1. 0 965 + 17 1.0 897 + 9 
1.5 1215 + 27 1.5 945 + 11 
2.0 1539 ± 21 2.0 828 + 9 
Means ± 1 Standard Deviation measured in grams 




MEANS AND STANDARD DEVIATIONS OF CALCULATED MOMENTS 
.014 Inch Straight Wire .014 Inch Vertical Bend Wire 
Bracket Ht M + S.D. Vertical Bend M + S.D. 
Height 
0.5 1061 + 53 0.5 1096 + 105 
1. 0 2254 + 43 1. 0 2167 + 77 
1. 5 3681 + 74 1. 5 3568 ± 63 
2.0 4313 + 44 2.0 3835 ± 45 
.016 Inch Straight Wire .016 Inch Vertical Wire 
Bracket Ht M + S.D. Vertical Bend M ± S.D. 
Height 
0.5 2128 + 102 0.5 2052 ± 67 
1. 0 4484 + 43 1. 0 4168 + 127 
1.5 5995 + 158 1.5 4996 + 112 
2.0 7010 ± 30 2.0 4947 ± 154 
.018 Inch Straight Wire .018 Inch Vertical Bend Wire 
Bracket Ht M ± S.D. Vertical Bend M ± S.D. 
Height 
0.5 4626 + 82 0.5 4566 + 117 
1. 0 6816 + 97 1. 0 6531 + 38 
1.5 8665 + 218 1.5 7357 + 61 
2.0 10,964 ± 159 2.0 8078 + 113 
Means and ± 1 Standard Deviation in grams/millimeter 
Bracket and vertical bend height of wire measured in millimeters 










COMPARISON OF VERTICAL FORCE MEANS FOR .014 INCH 
STRAIGHT WIRE VS .. 014 INCH VERTICAL BEND WIRE 
USING AN INDEPENDENT ANALYSIS OF VARIANCE 
Inch Straight Wire 0.5nun l.Onun l.5nun 
(grams) 148 327 525 
Inch Vertical Bend Wire 
(grams) 137 304 475 
p<.05 p<.01 p<.001 
8 8 8 







COMPARISON OF BUCCOLINGUAL FORCE MEANS FOR .014 INCH 
STRAIGHT WIRE VS .• 014 INCH VERTICAL BEND WIRE 
USING AN INDEPENDENT ANALYSIS OF VARIANCE 
.014 Inch Straight Wire 0.5nun 1.onun 
x (grams) 17 31 
.014 Inch Vertical Bend Wire 
x (grams) 19 34 
p NSD p<.05 
DF 8 8 
F 4.348 8.640 
X = mean 
P = probability of mean force comparisons 
DF= degrees of freedom 
F = F ratio 
NSD = no significant difference 
critical T-value at .05 = 2.306 
T-value at .01 = 3.355 









COMPARISON OF VERTICAL FORCE MEANS FOR .016 INCH 
STRAIGHT WIRE VS. .016 INCH VERTICAL BEND WIRE 
USING AN INDEPENDENT ANALYSIS OF VARIANCE 
.016 Inch Straight Wire 0.5mm 1.0mm 1.5mm 2.0mm 
x (grams) 309 646 857 994 
.016 Inch Vertical Bend Wire 
x (grams) 299 571 629 556 
p NSD p<.001 p<.001 p<.001 
DF 8 8 8 8 
F 2.299 90.29 457.8 3494 
COMPARISON OF BUCCOLINGUAL FORCE MEANS FOR .016 INCH 
STRAIGHT WIRE VS .• 016 INCH VERTICAL BEND WIRE 
USING AN INDEPENDENT ANALYSIS OF VARIANCE 
.016 Inch Straight Wire 0.5mm 1.omm 1.5mm 
x (grams) 27 61 
.016 Inch Vertical Bend Wire 
x (grams) 24 74 
p NSD p<.001 
DF 8 8 
F .5505 39.35 
X = mean 
p = probability of mean force comparisons 
DF = degrees of freedom 
F = F ratio 
NSD = No significant difference 
Critical T-value at .05 = 2.306 
T-value at .01 = 3.355 















COMPARISON OF VERTICAL FORCE MEANS FOR .018 INCH 
STRAIGHT WIRE VS .. 018 VERTICAL BEND WIRE 
USING AN INDEPENDENT ANALYSIS OF VARIANCE 
Inch Straight Wire 0.5mm 1.0mm 1.5mm 2.0mm 
x (grams) 664 960 1207 1529 
.018 Inch Vertical Bend Wire 
x (grams) 648 889 928 746 
p NSD p<.001 p<.001 p<.001 
DF 8 8 8 8 
F 2.746 63.37 459.0 522.4 
COMPARISON OF BUCCOLINGUAL FORCE MEANS FOR .018 INCH 
STRAIGHT WIRE VS .• 018 INCH VERTICAL BEND WIRE 
USING AN INDEPENDENT ANALYSIS OF VARIANCE 
.018 Inch Straight Wire 0.5mm 1.omm 1.5mm 
x (grams) 64 106 
.018 Inch Vertical Bend Wire 
x (grams) 68 120 
p NSD p<.01 
DF 8 8 
F 2.865 21. 35 
X = mean 
p = probability of mean force comparisons 
DF = degrees of freedom 
F = F ratio 
NSD = no significant difference 
Critical T-value at .05 = 2.306 
T-value at .01 = 3.355 













COMPARISON OF THEORETICAL (CALCULATED) FORCE VALUES VS. 
EXPERIMENTAL FORCE VALUES FOR STRAIGHT WIRES AT 
1.5MM BRACKET HEIGHT DISCREPANCY 
Theo. 
. 014 Inch 461 
.016 Inch 829 
.018 Inch 1290 
THEO. = Theoretical force value in grams 









Even with the introduction of a preadjusted appliance 
first-, second-, and third-order bends are used routinely 
to detail tooth positions and compensate for imprecise 
bracket placement. This study was conducted to evaluate 
and compare the force systems created by vertical bend 
wires and straight wires in three-dimensions. 
Tables I, II, III clearly show that a vertical bend 
wire generated proportionately smaller vertical forces and 
larger buccolingual forces than a straight wire in all 
three sizes of wire. A larger vertical step yielded larger 
buccolingual forces. 
Graphs I, II, III illustrate the component forces and 
their interactions with one another in the straight vs. 
vertical bend wires. Graph I provides further 
understanding of the relationship between force and bracket 
height/vertical bend height changes in .014 wire. For 
instance, as the bracket height discrepancy is doubled, 
from 0.5 to 1.0mm, the vertical and buccolingual forces of 
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the straight wire nearly double. The vertical and 
buccolingual forces also double when the vertical bend 
height is doubled from 0.5 to 1.omm. Therefore, both 
.014 straight wire and .014 wire with 1.0mm vertical bend 
provide comparable force levels for extruding a tooth in 
the dental arch. 
If the bracket height discrepancy is tripled from 
0.5 to 1.5mm, the vertical force increases by a factor of 
3.5 while the buccolingual force triples. Increasing the 
vertical bend height from 0.5 to 1.5mm, yields an increase 
in vertical force by a factor of 3.5 and an increase in 
buccolingual force by a factor of four. Therefore, if a 
nearly vertical force is required to extrude a tooth, a 
straight wire would be more efficient than placing a 1.5 mm 
bend in the wire because less buccolingual force would be 
generated at the bracket. 
Finally, if the bracket height discrepancy is raised 
from 0.5 to 2.omm, the vertical force of .014 straight wire 
nearly quadruples and the buccolingual force increases by a 
factor of five. on the other hand, if an increase is made 
in the vertical bend height from 0.5 to 2.0mm, the vertical 
force increases only 3 times as much and the buccolingual 
force jumps 6.5 times. Consequently, a tooth requiring 
more vertical extrusion rather than tipping would be moved 
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more effectively with a straight wire instead of a wire 
with a 2.0mm vertical bend. 
Graph II gives a fuller appreciation of how force and 
bracket height/vertical bend height vary in .016 wire. 
For example, doubling the bracket height discrepancy, from 
0.5 to 1.omm, means that the vertical and buccolingual 
forces also double. The vertical force doubles and the 
buccolingual force triples when the vertical bend height is 
increased from 0.5 to 1.0mm. Therefore, .016 straight wire 
would result in less tipping action on the tooth, when 
compared to an .016 wire with a 1.0 mm vertical bend. 
As the bracket height discrepancy is tripled, from 
0.5 to 1.5mm, the vertical force increases by a factor of 
2.5 and the buccolingual force increases three-fold. As 
the vertical bend height is tripled from 0.5 to 1.5mm, the 
vertical force doubles and the buccolingual force increases 
by a factor of almost five. Clearly, if a vertical force 
is desired, .016 straight wire produces more vertical and 
less buccolingual force than .016 wire with a 1.5mm bend. 
If bracket height discrepancy is quadrupled, from 0.5 
to 2.omm, the vertical force increases over three times and 
the buccolingual force increases four times. If vertical 
bend height is increased from 0.5 to 2.0mm, the vertical 
force doesn't even double and the buccolingual force 
increases six times. 
68 
Accordingly, .016 straight wire 
yields a more efficient vertical force to extrude a tooth 
than an .016 inch wire with a 2.0mm vertical bend. 
Graph III shows the relationship of force vs. bracket 
height/vertical bend height more clearly in .018 wire. As 
the bracket height discrepancy was doubled, from 0.5 to 
1.0mm, the vertical force increased nearly 1.5 times and 
the buccolingual force increased almost two times. 
Increasing the vertical bend height, from 0.5 to 1.omm, 
resulted in an increase of nearly 1.5 times in vertical 
force levels and nearly doubled the buccolingual forces. 
Consequently, both .018 straight wire and .018 wire with a 
1.0mm vertical bend give smaller proportional increases in 
force levels. 
Tripling the bracket height discrepancy, from 0.5mm to 
1.5mm, doubles the vertical and buccolingual forces. 
Tripling the vertical bend height, from 0.5 to 1.5mm, 
increases the vertical force by 1.5 times and the 
buccolingual force by three times. Again, .018 straight 
wire minimizes the amount of buccolingual tipping, and 
would provide a more effective force to extrude a tooth, 
when compared with a 1.5 mm .018 vertical bend wire. 
Increasing the bracket height from 0.5 to 2.0mm, 
results in an increase in vertical force of 2.5 times and 
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an increase in buccolingual force of almost three times. 
Increasing the vertical bend height from 0.5 to 2.omm 
results in a very modest increase in vertical force, about 
15%, and almost a fivefold increase in buccolingual force. 
Therefore, using a 2.0mm vertical bend in .018 wire, to 
extrude a tooth, would result in high levels of tipping 
force and inefficient vertical force levels when compared 
to .018 straight wire. 
However, use of a large wire, e.g .. 018, to extrude 
a tooth over great distances would be precluded by 
practical considerations. For example, generating excessive 
force levels and/or dislodging the bracket from the tooth, 
reducing flexibility and range of action, and creating 
severe pain for the patient. Heavy forces also interrupt 
the blood supply within the periodontal ligament causing a 
loss of cells in that area (hyalinization). When this 
happens, remodeling of bone adjacent to this area must be 
accomplished by cells from adjacent undamaged areas. This 
tends to delay tooth movement. 
There are obvious clinical implications concerning 
these trends during extrusive tooth movements. If a 
predominantly vertical force is required to bring a tooth 
into the dental arch, a straight wire would appear to be 
the most efficient way to accomplish this. The adjustment 
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of the arch wire by placing a vertical bend in it seems 
to increase the buccolingual or residual component of 
force. This is due to the round arch wire rotating on its 
long axis, at the area of the bend, and rolling in the 
bracket slot. The marked tendency of the arch wire to 
roll, especially as the bend is made larger, changes the 
effective direction that was originally intended to extrude 
the tooth vertically. As the vertical bend is ligated at 
the bracket, the wire takes on a horizontal orientation 
resulting in a greater expression of residual 
(buccolingual) force. Therefore, this introduces an 
undesirable action on the tooth tending to tip the crown 
lingually as individual leveling of the tooth is achieved. 
The contrasting behavior of the straight and vertical 
bend wires is evident in Graphs IV, V, and VI. Graph IV 
depicts the straight wire vertical and buccolingual forces 





force increased in a linear fashion 
bracket heights in all three wire sizes. 
Graph V shows how these points fall on a straight line. 
Graph VI enables easier visualization 
vertical and buccolingual forces interacted 
another as the vertical bend wire changed 
within the bracket. 




A 0.5mm vertical bend did not affect the wire's 
orientation very much and consequently, the force systems 
were similar in the straight and vertical bend wires. As 
the bend is increased to l.Omm, the wire rolled slightly 
taking on a more horizontal orientation. Therefore, the 
tooth experienced higher tipping (buccolingual) forces and 
lower vertical forces with a 1.0mm bend compared to a 
straight wire with a 1.0mm bracket height discrepancy. The 
wire continued to rotate in the bracket slot with a 1.5mm 
bend as the buccolingual forces escalated while the 
vertical forces continued to increase at a slower pace than 
the straight wire. Finally, at 2.0mm the vertical bend 
wire was horizontally directed as it was ligated to the 
bracket. This yielded a sharp decrease in vertical force 
as more of the force was dissipated in the buccolingual 
direction. 
These results have a practical application to 
orthodontists because they point out the inefficiency of 
making large vertical bends to bring a tooth down to the 
plane of occlusion. Clearly, at some point, it might be 
more desirable to reposition the bracket and use a straight 
wire to bring the tooth close to the occlusal plane. Then 
small detailing bends can be used to precisely position it. 
Tables IV, V, and VI show, at each height, the tangent 
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and tangent theta values are larger for the 
vertical bend wires than the straight wires except .016 
which gave similar tangent and tangent theta values at 
0.5mm. Therefore, placing a vertical bend in all three 
wire sizes resulted in a higher proportion of buccolingual 
force expressed at the bracket than if a straight wire were 
utilized. The force was also directed further away from a 
true vertical plane as the wire bend increased indicating 
that the tooth was subjected to higher tipping forces. 
Graphs VII, VIII, and IX illustrate these points for 
.014, .016, and .018 wires, respectively. Graph VII 
illustrate the tangent theta angles for .014 straight wire 
and .014 vertical bend wire. For example, .014 straight 
wire with a 2.omm bracket height discrepancy produced a 
force approximately eight degrees from the vertical plane 
while .014 wire with a 2.0mm vertical bend generated a 
force that passed sixteen degrees from vertical. 
Therefore, .014 straight wire delivered a force closer to 
vertical than .014 vertical bend wire. 
Graph VIII illustrates that the vertical bend wire at 
1.5mm gave a tangent theta angle of approximately eleven 
degrees compared to a value of about 5.5 degrees for the 
straight wire. This indicates that the 1.5mm vertical bend 
wire resulted in force application almost twice as far 
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away from vertical as a straight wire. This difference was 
accentuated at 2.omm where the displacement angle for 
the vertical bend wire measured sixteen degrees, compared 
to six degrees generated by the straight wire. Again, .016 
straight wire delivered a force closer to true vertical 
than .016 inch vertical bend wire. 
Graph IX demonstrated the same trends in the .018 wires 
that were seen previously. Tangent theta angles for the 
vertical bend wire ranged from 6 degrees to 25.7 degrees 
The range for the straight wire extended from 5.5 degrees 
to 6.7 degrees. Graph IX gives a greater appreciation of 
this difference, as it could be seen that the force for the 
2.0mm .018 vertical bend wire was four times further from 
vertical than .018 straight wire. Therefore, .018 straight 
wire minimized the buccolingual force generated at the 
bracket when compared to .018 vertical bend wire. 
A resultant force, Table VII, denotes the magnitude of 
the total force acting at the bracket. Comparisons between 
the .014 straight wire and .014 vertical bend wire reveal 
slightly higher total forces at each height for the 
straight wire. Graph X showed that as bracket height 
discrepancy increases, from 0.5 thru 2.0mm total force 
steadily increases. In contrast, the total force for the 
vertical bend wire grew more slowly from 0.5mm thru 1.5mm, 
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but actually decreased at 2.0mm as the buccolingual 
force grew. Therefore, in .014 wire, placing a vertical 
bend greater than 1.5mm might not efficiently extrude a 
tooth but instead might tip it lingually. 
Examination of .016 and .018 wires also showed greater 
resultant forces for the straight wires when compared to 
the vertical bend wires. Again, the straight wires 
exhibited a steady increase in total force at all heights. 
The vertical bend wires increased more gradually from 0.5 
thru 1.5mm but diminished when a bend of 2.0mm was placed. 
Graph X also showed the steady increase in force 
with .016 and .018 straight wires at all bracket height 
levels. A vertical bend of 0.5mm was fairly similar in 
character to a straight wire with a bracket discrepancy of 
0.5mm. At 1.0mm, the force systems of .016 and .018 wires 
exhibited distinct differences. The total force decreased 
in vertical bend wires as buccolingual forces started 
rising. Larger bends, 1.5mm and 2.0mm, accentuated the 
drop in total force. Graph X illustrates almost a 50% drop 
in total force with a 2mm bend, in .016 and .018 wires when 
compared to corresponding straight wires. 
The drop in total force seen with vertical bend wires 
is related to an increase in buccolingual force expression. 
Another contributing factor is greater wire flexibility due 
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to increased interbracket wire as a result of the vertical 
bend. More wire flexibility may account for lower total 
force values in vertical bend wires. 
Some specific force comparisons can also be made 
between straight and vertical bend wires. For instance, 
.016 straight wire with a bracket discrepancy of lmm would 
create a force that is equivalent to one produced by a .018 
wire with a vertical bend of 0.5mm. Also .014 straight 
wire with a 2.0mm bracket height discrepancy would result 
in a total force value similar to one produced by a .016 
wire with a 2.omm vertical bend. An .016 straight wire 
with a 1.5 mm bracket discrepancy would yield a force 
comparable to a 2.0 mm .018 vertical bend wire. 
This is important clinically when extruding a tooth 
where the orthodontist is trying to minimize unwanted 
buccolingual forces. It would be most efficient to start 
with a straight wire to maximize the vertical force and 
reduce the buccolingual tipping force as much as possible. 
Then when the tooth is close to the occlusal plane, change 
into a heavier wire with a slight 0.5 or 1.0mm vertical 
bend to maintain control over the tooth and not introduce 
the huge buccolingual tipping force that accompanies large 
vertical step bends. 
Calculated moments are listed in Table VIII. In all 
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wire sizes the moments were larger in straight wires, at 
all heights, compared to vertical bend wires, an indication 
of larger forces acting at the brackets. The only 
exception was .014 wires at o.smm which showed the moments 
to be similar. The moments in vertical bend wires 
increased more gradually and finally levelled off at l.Smm. 
Graph XI showed these trends. 
Higher straight wire moments when compared to 
corresponding vertical bend moments would seem to result in 
larger tipping forces on the tooth. However, just the 
opposite is seen clinically. One possible explanation is 
that the moments calculated in this study are incorrect 
because the value of b and Le were estimated incorrectly. 
Secondly, the torsional resistance of the two situations is 
different. In the straight wire, buccolingual movement is 
resisted by the adjacent brackets which does not allow the 
arch wire to rotate (simple beam effect). The vertical 
bend wire however, is free to rotate within the bracket 
slot since the adjacent brackets do not restrain the arch 
wire. Clinically, although larger moments may be generated 
by a straight wire, the adjacent brackets limit the 
rotation of the arch wire and a purer vertical force is 
delivered to the tooth when compared to the force generated 
by a vertical bend wire. 
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Based on independent analysis of variance, Tables IX 
X, and XI revealed all straight wire vertical forces to be 
significantly higher than vertical forces of vertical bend 
wires at nearly all heights. Only .016 and .018 wires with 
a 0.5mm vertical bend showed no significance when compared 
with 0.5mm .016 and .018 straight wires. The vertical bend 
wires showed no significant differences in the mean values 
of buccolingual force, at 0.5 mm, when compared with 
straight wires in all wire sizes. At 1.0, 1.5, and 2.0mm, 
vertical bend wires showed significantly higher 
buccolingual forces than straight wires at all sizes. 
The most clinically relevant information to be derived 
from this study is to know at what point does it become 
inefficient to use a vertical bend to extrude a tooth. 
Examination of Graphs X and XI illustrate that a 1.5mm bend 
in .014 wire begins to change a predominately vertical 
force into one with increased tipping action that would 
move the tooth undesirably. Small bends (0.5 or 1.0mm) 
seem to have minimal effect on the wire and will move a 
tooth just as efficiently as repositioning the bracket. A 
2.omm bend, in .014 straight wire, introduces a horizontal 
vector resulting in tipping and some extrusion. This can 
lead to "jiggling" of the tooth or moving it further than 
was intended so that round-tripping becomes necessary. At 
a minimum,this is wasteful in terms of energy and treatment 
78 
time. It may also be injurious to the roots. In order to 
prevent these undesirable side effects, it would be more 
effective to reposition the bracket early in treatment and 
drop down to a more flexible wire to extrude the tooth. 
Small 0.5mm bends in .016 and .018 wires do not 
affect the force characteristics of the wires 
significantly. However, at 1.0mm the wire begins to rotate 
in the slot and higher buccolingual forces are created 
which rocks the tooth lingually. Therefore, certainly at 
1.5 and 2.0mm, the bracket should be repositioned to avoid 
undesirable and inefficient tooth movement. 
There were limitations that occurred within the 







there was no 
alveolar bone. 
Resistance to tooth movement is exerted by the periodoontal 
supporting tissues and varies considerably due to age, sex, 
race, ect. This should be a major consideration in 
appliance selection, design, and treatment planning. 
Additionally, bruxing, clenching, lip and tongue pressures, 
and occlusal interferences could modify the dynamic forces 
that occur during tooth movement. 
In this study, only initial forces were measured. 
There was a small decline of force over a short period of 
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time that was obvious but not measured. Stress relaxation 
in the arch wire was not taken into account in the design 
of this experiment. Clinically, initial forces would also 
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CHAPTER VI 
CONCLUSIONS 
Based on the 
study, and the 
force measurements 
statistical analysis 
performed in this 
of the data, the 
following conclusions are made: 
There is a significant difference in force systems 
between round straight wires and vertical bend wires. 
Round wires with a vertical bend of 
generate higher buccolingual (tipping) 
straight wire. 
at least 1.0mm 
forces than a 
Round straight wires with a vertical bracket height 
discrepancy of at least 1.0mm produce higher vertical 
forces than wires with a vertical bend of 1.0mm or greater. 
As the vertical bend gets larger the magnitude of the 
buccolingual forces increase. 
Vertical bend round wires will tend to change 
orientation and rotate 
greater production of 
within the bracket slot causing 
buccolingual tipping forces. This 
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means a less efficient force system possibly resulting in 
undesirable round tripping of the teeth. 
In general, if the bracket height discrepancy is 
larger than l.Omm, it would be more efficient in terms of 
better control and shorter overall treatment time to 
reposition the bracket. Small, subtle bends in the arch 
wire, to achieve final detailing of tooth positions, will 
have minimal adverse effects on treatment. 
CHAPTER VII 
SUMMARY 
The purpose of this study was to measure and compare 
the vertical and buccolingual force vectors generated by 
straight and vertical bend wires on a mechanical replica. 
Brackets were placed on a replicated dental arch form 
which was fabricated to accept preformed arch wires. The 
arch form contained one tooth which could be moved up or 
down. This tooth was attached to two load cells which 
measured vertical and buccolingual forces simultaneously. 
Force readings were taken on sixty machined vertical 
bend arch wires (Table A - Materials and Methods Chapter) 
which were ligated into place with level bracket heights. 
These were compared with the forces generated by sixty 
straight wires tied into various bracket height levels 
(Table B). 
Statistical analysis was used to compare the vertical 
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